Nano hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) was prepared using a bi-directional rotation mill and dried under different conditions (liquid, temperature and drying). It shows that the samples cake seriously and the particles grow up obviously by ordinary drying in different liquids at 70 C, which occurs again after vacuum drying. With the increase of temperature, the degrees of caking and aggregation are enhanced. Well dispersed sample maintaining constant particle size is extracted by supercritical drying, especially freeze drying. Furthermore, the mechanical sensitivities of I-RDX, O-RDX and F-RDX, of which the average sizes are 88.03 mm, 15.32 mm and 0.16 mm, respectively, are evaluated. Compared with I-RDX, the friction, impact and shock sensitivities of O-RDX are slightly lower. However, the friction, impact and shock sensitivities of F-RDX are reduced by 30%, 99.0% and 59.9%, respectively.
Introduction
The brisant explosive hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) with high detonation heat, detonation velocity and detonation pressure has been extensively used in plastic bonded explosives (PBX) [1e3], propellants [4e6] and pyrotechnics [7] . However, the industrial RDX (I-RDX) (d 50 ¼ 50w100 mm) is very sensitive to the mechanical stimuli, which seriously threatens the safety of the ammunitions, and the reduction in mechanical sensitivities had become a research focus. The studies have shown that the sensitivities of nitramine explosives are affected obviously by the sizes and distribution of the explosive particles [8e11] . The impact sensitivities of explosives were cut down effectively by reducing the particle sizes [12] . If the nano particles were obtained, the mechanical sensitivity is greatly decreased [13] . Because of the complicated technological parameters, the bad reproducibility of experiments and the small capacity of material processing, the general ways to prepare nano-RDX, such as solvent/nonsolvent recrystallization [14] and Rapid Expansion of Supercritical Solution (RESS) [15] , are very difficult to achieve large-scale production.
As an inspiring fact, nano-RDX was produced in batch using a wet ball mill [16] , and the pulverized particles were characterized with regular shape and narrow size distribution [17] . However, in order to insure the safety of mechanical milling, the raw materials must be addressed in the liquid environments. Then, how to get the nano particles efficiently from the slurry has become the key constraint of the promotion for its industrial application. In this paper, the particle size, dispersion state and mechanical sensitivities of the dried samples under different conditions were researched, and a proper way to extract nano-RDX was found.
Experiment

Preparation of nano-RDX
I-RDX, produced by Gansu Yinguang Chemical Industry Group Co., Ltd. of China, is suspended in a miscible liquid which is a mixture of deionized water, ethanol and isopropanol, with the volume ratio of 10:10:1. The suspension containing 1000 g RDX with its mass concentration of 15% is put into a bi-directional rotation mill [18] for 6 h, of which the axle and the barrel rotate reversely and simultaneously. The rotation speeds of the axle and the barrel are controlled in the range of 90e150 rpm and 60e90 rpm, respectively. The filling content of grinding media is controlled within 65%e70%. During pulverization, the machine is cooled down by the cycling water. The yield is about 97%.
Instruments and devices
The Malvern Zetasizer 3000HSA laser particle size analyzer is used to measure the size distribution of nano-RDX before drying. The particle size and morphology are then characterized by JEOL JEM-200CX Transmission Electron Microscope (TEM). The dried RDX is characterized by Malvern Mastersizer Micro laser particle size analyzer and S-4800II Scanning Electron Microscope (SEM) made by Hitachi High-Technologies Corporation.
A water bath oven, a vacuum oven, a supercritical drying equipment and a vacuum freeze drying device are used to dry the slurry of nano-RDX respectively.
Tests of mechanical sensitivities
The friction sensitivities of 3 RDX samples are tested at 90 and 3.92 MPa. Fifty times of tests are carried out to obtain the mean explosion probability (P, %).
The impact sensitivity is characterized by the characteristic height (H 50 ), which is statistically calculated by 25 effective test values obtained by using a 2.5 kg drop-hammer.
The small scale gap test (SSGT) is taken to measure the shock sensitivity. In this test, the donor column is made from RDX refined by acetone, with a density of 1.48 g/cm 3 , the gap material is PMMA, and the acceptor column has a density of 1.63 g/cm 3 . The gap thickness (d) is calculated by 25 effective values.
Symbols and abbreviations
I-RDX: industrial RDX; O-RDX: ordinarily dried RDX; F-RDX: freezingly dried RDX; Ordinary drying: dried in a water bath oven; Vacuum drying: dried in a vacuum oven; Supercritical drying: dried in a supercritical drying equipment; Freeze drying: dried in a vacuum freeze drying device.
Results and discussion
Size distributions and micrographs of industrial RDX and Nano-RDX
The particle size distributions and micrographs of I-RDX and nano-RDX are shown in Figs. 1 and 2, respectively.
As shown in Figs. 1 and 2, the I-RDX particles are irregular and heterogeneous, with an average particle size of 88.03 mm and a wide size distribution. However, the prepared nano-RDX particles before drying are found to become semispherical and homogeneous, with an average particle size of 63.7 nm.
Effect of liquid on the dispersion state and particle size of Nano-RDX
The dispersion states of O-RDX dried in different liquids at 70 C are shown in Fig. 3 . As shown in Fig. 3 , the RDX samples are caked seriously after ordinary drying. When it is dried in ethyl acetate, its surface is frothy to a certain extent. While it is dried in ethanol, some holes and cracks are observed on its surface. There are sags and crests on its surface after it is dried in isopropanol and there are a few pores on its surface after it is dried in water. The surface is smooth after it is dried in the miscible liquid. The different dispersibilities of RDX in different liquids resulted in the different dispersion states after drying.
The acetate. When nano-RDX is dried in ethanol, the average particle size is 20.46 mm and the size distribution is very wide, with some particles with the size of about 40 mm being covered by the submicron particles. The average particle size is 18.86 mm and the sizes of most particles are 1e20 mm after it is dried in isopropanol. The average particle size is 18.10 mm and some small particles are implanted into the regular large particles after it is dried in water. When it is dried in the miscible liquid, the average particle size is 15.32 mm, and the sizes of most particles are less than 20 mm and in micron-size.
The nano-RDX would be dissolved to some extent in different liquids. When the liquid is removed by evaporation, the nano particles would tend to agglomerate and grow up so that the huge specific surface energy is overcome. The worse the dispersibility is, the greater the agglomeration is. The higher the solubility is, the stronger the size increment is. Therefore, various dispersion states and size distributions are exhibited after it is dried in different liquids.
Effect of temperature on the dispersion state and particle size of nano-RDX
The dispersion states of O-RDX dried in the miscible liquid at different temperatures are shown in Fig. 6 . As shown in Fig. 6 , the RDX samples are caked apparently after they are dried at different temperatures. When the sample is dried at 90 C, it is particularly seriously caked with some cracks being observed on its surface.
The particle size distributions and SEM images of O-RDX dried at different temperatures are shown in Figs. 7 and 8.
As shown in Figs. 7 and 8, after RDX is dried at different temperatures, the particles with wide size distributions become bigger apparently, and the average particle size increases with the increment of temperature. When RDX is dried at 90 C, the average particle size is 21.77 mm and the sizes of most particles are 10e40 mm. The average particle size is 15.32 mm and the sizes of most particles are less than 20 mm after it is dried at 70 C. With the further reduction of the temperature, the number of small particles is increased and the number of big particles is decreased, which results in the reduction of the average particle size.
When the drying temperature is increased, the solubility of nano-RDX in the miscible liquid is strengthened, the thermal motion of the particles is aggravated, and the evaporation of the liquid is accelerated. The agglomeration trend of nano particles to grow up is enhanced. As a result, the average particle size is increased and the caking phenomenon is more serious.
Effect of drying on the dispersion state and particle size of Nano-RDX
The dispersion states of RDX dried in the miscible liquid using different drying methods are shown in Fig. 9 . As shown in Fig. 9 , whether nano-RDX is ordinarily dried or dried in vacuum at 70 C, it is caked seriously, and there are many pores on its surface after vacuum drying. It can be seen from Fig. 9 that the sample is fluffy and there are a few granular aggregates on its surface after supercritical drying. In particular, the sample is very fluffy and its dispersity is very good after freeze drying.
The particle size distributions and SEM images of RDX dried using different methods are shown in Figs. 10 and 11.
As shown in Figs. 10 and 11, after ordinary drying or vacuum drying at 70 C, the particles grow up obviously, the average particle sizes are 15.32 mm and 18.69 mm respectively, and most of the particles are in the level of micron after vacuum drying. When the sample is dried by supercritical drying, the particle size distribution is narrow and the sizes of most particles are 200e300 nm. While the nano-RDX is dried through freeze drying, the particle size distribution is very narrow and the particles are semispherical with an average size of about 100 nm.
The solubility of nano-RDX and the evaporation rate of liquid in vacuum environments are higher than those at room pressure. When the liquid in vacuum is removed, the particles would tend to grow bigger. The effect of supercritical expansion, especially the freezing effect, could prevent the nanoparticles from agglomerating efficiently, so the samples are fluffy, the average particle sizes are small and the particle size distributions are narrow.
Mechanical sensitivities of RDX samples
The friction, impact and shock sensitivities of I-RDX (d 50 ¼ 88.03 mm), O-RDX (d 50 ¼ 15.32 mm), which is ordinarily dried in a water bath oven at 70 C, and F-RDX (d 50 ¼ 0.16 mm), which is freezingly dried, are tested and listed in Tables 1e3.
As listed in Table 1 , the friction sensitivity is measured at 90 and 3.92 MPa, and the average explosion percentage of I-RDX is 80%, which is 8% and 30% higher than those of O-RDX and F-RDX, respectively.
As listed in Table 2 , the special heights of O-RDX and F-RDX are 1.6 cm and 49.3 cm higher than that of I-RDX, respectively. In other words, the impact sensitivities of O-RDX and F-RDX are 3.2% and 99.0% lower than that of I-RDX, respectively. Additionally, the standard deviation (S dev. ) shows a decreasing trend while the average particle size (d 50 ) is reduced, which reveals better detonation stability under impact when the d 50 is cut down. Fig. 10 . The particle size distributions of RDX dried using different methods. Fig. 11 . The SEM images of RDX dried using different methods. As listed in Table 3 , compared with I-RDX, the gap thicknesses of O-RDX and F-RDX are decreased by 2.78 mm and 9.21 mm, respectively, which means that their shock sensitivities are decreased by 18.1% and 59.9%, respectively. Furthermore, the standard deviation (S dev. ) exhibits a decreasing trend with the reduction of the average particle size (d 50 ), which states that the detonation stability of RDX under shock is better if d 50 is decreased.
Conclusions
When nano-RDX was dried by either ordinary drying or vacuum drying, the samples were caked and the particles had an obvious tendency to grow up. The worse dispersibility led to the greater caking phenomenon, and the larger solubility led to bigger average particle size. The effect of supercritical expansion, especially the freezing effect, could prevent the nano-particles from agglomerating and the growing efficiently. The mechanical sensitivities were decreased and the detonation under impact or shock was stabilized by the reduction of d 50 .
Different dispersion states, size distributions and mechanical sensitivities of nano-RDX were exhibited after drying on different conditions. The small processing capacity of the supercritical drying restricts its application, and the freeze drying is proper. It is promising to promote the industrial applications of nano-RDX, such as Insensitive Munitions. Table 3 The shock sensitivity of RDX samples.
Samples
Gap thickness (d) Table 2 The impact sensitivity of RDX samples. 
